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Ndel1 Operates in a Common Pathway
with LIS1 and Cytoplasmic Dynein
to Regulate Cortical Neuronal Positioning
1993). These observations indicate that LIS1 is critical
for proper neuronal positioning in the mammalian devel-
oping neocortex; however, it remains undetermined how
LIS1 mechanistically regulates this process. Although
initially identified as the  subunit of the platelet-activat-
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ing factor acetyl hydrolase (PAFAH) 1B (Hattori et al.,Howard Hughes Medical Institute
1994; Reiner et al., 1993), LIS1 functions to stabilize77 Avenue Louis Pasteur
microtubules (Reiner et al., 1993; Sapir et al., 1997).Boston, Massachusetts 02115
More recently, it has been shown that LIS1 facilitates the2 Department of Neuroscience
activity of cytoplasmic dynein, the microtubule-basedUniversity of California, San Diego
minus end-directed motor complex (Smith et al., 2000;9500 Gilman Drive
Zhang et al., 2003). Interestingly, the effect of LIS1 onLa Jolla, California 92093
dynein seems to be conserved throughout evolution. In
Aspergillus, NudF (LIS1) mutants abnormally accumu-
late dynein at microtubule plus ends, suggesting that
NudF is important for the retrograde movement of dyn-Summary
ein and its cargoes (Zhang et al., 2003). In mammalian
cells, LIS1 is also required for the retrograde movementCorrect neuronal migration and positioning during
of the dynein complex and dynein-dependent outfluxcortical development are essential for proper brain
of microtubules toward the cell periphery (Smith et al.,function. Mutations of the LIS1 gene result in human
2000). Inhibiting the function of dynein disrupts this dyn-lissencephaly (smooth brain), which features mis-
ein-mediated microtubule outflux and more importantlyplaced cortical neurons and disarrayed cerebral lami-
compromises cell motility, underscoring an importantnation. However, the mechanism by which LIS1 regu-
role of dynein-dependent microtubule dynamics duringlates neuronal migration remains unknown. Using RNA
cell migration (Abal et al., 2002; Ahmad et al., 1998).interference (RNAi), we found that the binding partner
These observations raise an intriguing hypothesis thatof LIS1, NudE-like protein (Ndel1, formerly known as
LIS1 might regulate neuronal migration by activatingNUDEL), positively regulates dynein activity by facili-
dynein function.tating the interaction between LIS1 and dynein. Loss
In addition to cytoplasmic dynein, LIS1 also bindsof function of Ndel1, LIS1, or dynein in developing
Ndel1, the mammalian homolog of Aspergillus NudE,neocortex impairs neuronal positioning and causes
which was isolated as a multicopy suppressor of thethe uncoupling of the centrosome and nucleus. Over-
LIS1 homolog NudF (Efimov and Morris, 2000; Nietham-expression of LIS1 partially rescues the positioning
mer et al., 2000; Sasaki et al., 2000). Like LIS1, Ndel1defect caused by Ndel1 RNAi but not dynein RNAi,
also interacts with dynein subunits, including dyneinwhereas overexpression of Ndel1 does not rescue the
heavy chain (DHC) and dynein intermediate chain (DIC),phenotype induced by LIS1 RNAi. These results pro-
suggesting that Ndel1, LIS1, and dynein might functionvide strong evidence that Ndel1 interacts with LIS1 to
together in a complex (Niethammer et al., 2000; Sasakisustain the function of dynein, which in turn impacts
et al., 2000; Smith et al., 2000). Interestingly, both LIS1microtubule organization, nuclear translocation, and
and Ndel1 bind DHC at its P1 loop, the ATPase domainneuronal positioning.
of dynein, suggesting that these proteins might directly
modulate dynein ATPase activity (Sasaki et al., 2000;
Introduction
Tai et al., 2002).
Ndel1, LIS1, and dynein are highly expressed in the
During corticogenesis, postmitotic neurons migrate out brain, particularly enriched in the postmitotic migrating
of the ventricular zone (VZ) and arrive at the cortical neurons during cortical development (Niethammer et al.,
plate (CP) in an inside-out fashion (Gleeson and Walsh, 2000; Sasaki et al., 2000; Smith et al., 2000). More recent
2000; Hatten, 2002). Perturbation of this migration pro- studies show that Ndel1, LIS1, and dynein complexes
cess can ectopically misplace neurons and disrupt ste- are closely associated with microtubule structures and
reotypical cortical lamination, a defect that is implicated centrosome in dissociated neurons (Aumais et al., 2001;
in a number of neurological disorders, including epilepsy Xie et al., 2003). To date, however, the function of Ndel1
and mental retardation (Clark, 2002; Gupta et al., 2002). during cortical neuronal migration is completely un-
Haploinsufficiency of the LIS1 gene causes type I lis- known. More importantly, how Ndel1 interacts with LIS1
sencephaly in humans, which features agyria/patchygy- and the dynein complex and how these interactions
ria and disorganized cortical layering. LIS1 mutant mice impact on microtubule dynamics and neuronal motility
display a dosage-dependent phenotype in cortical lay- also remain undetermined.
ering reminiscent to human lissencephalic brains (Ca- In this study we investigate the function of Ndel1,
hana et al., 2001; Hirotsune et al., 1998; Reiner et al., LIS1, and dynein and their interactions during neuronal
migration. We show that Ndel1 regulates dynein activity
by facilitating the interaction between LIS1 and dynein.*Correspondence: li-huei_tsai@hms.harvard.edu
3These authors contributed equally to this work. Ndel1 forms a common pathway with LIS1 and dynein
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to impact on the microtubule network that couples the could be seen transported in small segments into the
cell periphery (Fig2Ab). Previously, it has been showncentrosome and nucleus and further regulate nuclear
translocation, neuronal migration and positioning during that this dynamic transport of microtubules depends on
dynein activity. Inhibition of dynein activity by overex-cortical development.
pression of dynamitin, a subunit of the dynein accessory
complex dynactin, completely disrupts this transport ofResults
microtubules (Abal et al., 2002; Ahmad et al., 1998). We
reasoned that if Ndel1 is required for dynein activity,Ndel1 Is Required for Dynein Function
this dynein-dependent process should also be affectedNdel1 null animals die in an early embryonic stage, which
by Ndel1 loss of function. We silenced Ndel1 expressionprecludes the investigation of its role during cortical
by RNAi and then examined its effect on the microtubuledevelopment (S. Hirotsune and A. Wynshaw-Boris, per-
transport following the drug treatments (Figure 2A). Insonal communication). Therefore, we took an alternative
addition to Ndel1 RNAi, we also generated RNAi con-approach by using RNA interference (RNAi) to acutely
structs that efficiently silenced DHC and LIS1 expres-silence the expression of Ndel1. We generated a hairpin
sion (Supplemental Figure S1 [http://www.neuron.org/RNAi construct under U6 promoter. Transfection of cell
cgi/content/full/44/2/263/DC1/]). In all experimentallines including NIH3T3 fibroblasts and N2A neuro-
groups, the distribution of microtubule segments in theblastoma cells with this Ndel1 RNAi construct signifi-
central versus the peripheral region in cells was quan-cantly reduced endogenous Ndel1 expression (Figures
tified by measuring the intensity ratio of anti-tubulin1A and 3A). Expression levels of proteins associated
immunofluorescence. In cells transfected with controlwith Ndel1, such as LIS1, DIC, and two major compo-
RNAi, microtubule segments were transported awaynents of dynactin (p50 and p150glued), were not altered
from the perinuclear region and distributed largely in(Figure 1A). When individual cells were cotransfected
the cell periphery (Figures 2B and 2C). DHC RNAi causedwith RNAi and enhanced green fluorescent protein
an accumulation of microtubules in the perinuclear re-(EGFP) constructs (a 20:1 ration of RNAi and EGFP was
gion, which is consistent with the notion that the dyneinused to ensure that the EGFP-positive cells were trans-
complex mediates the microtubule transport in this ex-fected by RNAi), Ndel1 RNAi diminished Ndel1 but not
perimental paradigm (Figures 2B and 2C; Ahmad et al.,LIS1 expression, whereas control RNAi had no effect
1998). Silencing LIS1 resulted in the disruption of thison either Ndel1 or LIS1 (arrows in Figure 1B). We next
transport similar to loss of function of DHC, confirmingexamined the effectiveness of the Ndel1 RNAi construct
its role as a positive regulator of dynein activity (Figuresin primary cortical neurons. E15 mouse cortical neurons
2B and 2C; Smith et al., 2000). Remarkably, silencingwere dissociated and transfected using an electropora-
Ndel1 also caused an accumulation of microtubules intion device (Nucleofector, Amaxa). After 2 days, endoge-
the perinuclear region and a paucity of tubulin stainingnous Ndel1 protein levels were significantly reduced,
in the cell periphery, comparable to the loss of functionwhile LIS1 and DHC levels remained unaltered (Figure
of LIS1 and DHC (Figures 2B and 2C). These observa-1C). In individual neurons, Ndel1 RNAi also silenced
tions demonstrate that, like LIS1, Ndel1 is also requiredNdel1 expression without affecting LIS1 levels (arrows in
for dynein motor activity.Figure 1D). To further determine the specificity of Ndel1
RNAi, we generated a mutant Ndel1 construct containing
several silent mutations within the target sequence (Figure Ndel1 Facilitates the Interaction between LIS1
and Dynein1E). While Ndel1 RNAi efficiently knocked down the ex-
pression of wild-type Ndel1, mutant Ndel1 was not af- Since both Ndel1 and LIS1 are required for dynein activ-
ity, we next tested the possibility of whether Ndel1 isfected (Figure 1E). These experiments demonstrate that
Ndel1 RNAi efficiently and specifically silences Ndel1 involved in the interaction of LIS1 and dynein by examin-
ing the association between LIS1 and dynein whenexpression in neurons.
Ndel1 binds DHC at its ATPase domain, suggesting Ndel1 expression is silenced. Coimmunoprecipitation
using DIC antibody showed that the levels of LIS1 asso-that this interaction might be important for regulating
dynein motor activity (Sasaki et al., 2000). We therefore ciated with dynein were significantly reduced in N2A
cells treated with Ndel1 RNAi (Figures 3A and 3B). Thissought to test this possibility by examining dynein activ-
ity in the context of Ndel1 loss of function. One readout result suggests that Ndel1 might play a positive role
in regulating the interaction between LIS1 and dynein.of dynein motor activity is its capability of transporting
newly synthesized microtubules in the perinuclear re- Similar results were obtained in other cell lines such as
NIH3T3 (data not shown). In addition, the cosegregationgion to the cell periphery following nocodazole and vin-
blastine treatment (Abal et al., 2002; Ahmad et al., 1998). of LIS1 and dynein components was examined by gly-
cerol gradient fractionation. As reported previously,We employed a similar experimental paradigm to deter-
mine whether loss of function of Ndel1 affects dynein dynein components segregate to the heavy fractions,
whereas LIS1 is distributed across all fractions with onlymotor activity (Ahmad et al., 1998; Figure 2A). Nocoda-
zole was used to depolymerize microtubules. After a a very small proportion cosegregating with dynein,
which presumably constitutes the pool that associates3 min recovery from the nocodazole treatment, newly
synthesized microtubules radiated from the microtu- with dynein (Figure 3C; Smith et al., 2000). While silenc-
ing Ndel1 did not noticeably impact on the distributionbule-organizing center (MTOC) that was closely posi-
tioned to the nucleus (Figure 2Aa). After a 20 min vinblas- of DIC, DHC, p50, or p150 (data not shown), the pool of
LIS1 that cosegregated with dynein was consistentlytine treatment, which prevented further generation of
the microtubules, the newly synthesized microtubules reduced (Figures 3C and 3D). As LIS1 and Ndel1 are
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Figure 1. Ndel1 RNAi Specifically Silences Ndel1 Expression
(A) In NIH3T3 cells, endogenous Ndel1 expression is significantly silenced by Ndel1 RNAi (60%  6%, mean  SEM, Student’s t test, p 
0.01). It is noted that the number does not indicate the reduced protein level in individual cells because of the compromise of the DNA
transfection efficiency. Proteins associated with Ndel1, such as LIS1, DIC, p50 (dynactin), and p150glued are not affected. Actin indicates an
equal loading.
(B) In individual 3T3 cells cotransfected with EGFP (green) and control or Ndel1 RNAi (white arrows), Ndel1 RNAi silences Ndel1 expression
(cy3, red) while LIS1 expression is not altered (cy5, blue). Control RNAi has no impact on the expression of Ndel1 or LIS1. Scale bar, 20 m.
(C) Ndel1 expression is significantly silenced in E15 cortical neuronal culture after the electroporation of Ndel1 RNAi (62.5%  13%, Student’s
t test, p  0.01). LIS1 and DHC level are not changed.
(D) In cortical neurons cotransfected with EGFP (green) and control or Ndel1 RNAi (white arrows), Ndel1 RNAi silences Ndel1 expression (red)
without affecting LIS1 (blue). Control RNAi does not silence Ndel1. Scale bar, 20 m.
(E) The mutated Ndel1 sequence targeted by RNAi (the red letters indicate three point mutations). Transfection of the wild-type and the mutant
Ndel1 results in augmented expression of Ndel1 protein. Ndel1 RNAi silences the overexpressed Ndel1 encoded by the wild-type but not the
mutant Ndel1.
both necessary for dynein function, these results under- dissociated E15 mouse cortical neurons and used time-
lapse imaging to record the movement of these neuronsscore a potential role of Ndel1 in regulating dynein by
facilitating the interaction of LIS1 and dynein. Interest- (Figures 4A–4D). Approximately 45% of transfected neu-
rons showed obvious neuronal motility during the re-ingly, an in vitro binding assay shows that Ndel1 com-
petes with the PAFAH 2 subunits for LIS1 binding (A. cording. The majority of neurons treated with control
RNAi displayed a consistent movement toward a promi-Musacchio, personal communication). These observa-
tions render it plausible that Ndel1 recruits LIS1 from nent neurite, the leading process (Figure 4A; Supplemental
Movies 1 and 2 [http://www.neuron.org/cgi/content/full/the PAFAH complex by competing with the 2 subunits,
which in turn alters the conformation of LIS1 to favor 44/2/263/DC1/]). Neurons transfected with Ndel1 RNAi
also extend a similar leading process and generally ap-its binding to dynein.
peared mobile; however, in these neurons the gross
distance that the nuclei traveled was significantly re-Silencing Ndel1, LIS1, or Dynein Disrupts Nuclear
Translocation in Dissociated Cortical Neurons duced (Figure 4C). Interestingly, we observed that, in a
significant number of neurons transfected with Ndel1To determine the potential role of the Ndel1, LIS1, and
dynein pathway in regulating neuronal motility, we co- RNAi, the nuclei moved back and forth in an oscillating
fashion instead of moving consistently toward the prom-electroporated EGFP and control or RNAi constructs into
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inent neurite. This abnormal nuclear oscillation was fre-
quently accompanied by a rapid shortening and length-
ening of the nuclear diameter, which we refer to here
as “nuclear contraction” (Figures 4B and 4D, arrows
indicate the nuclear diameter; Supplemental Movies 3
and 4). Similarly, LIS1 and DHC RNAi also caused a
reduction in the distance of nuclear movement accom-
panied by nuclear oscillation and contraction (Figures
4C and 4D). Taken together, these data suggest that
nuclear translocation is severely compromised by
Ndel1, LIS1, or DHC loss of function.
Ndel1, LIS1, and Dynein Are Required for the Integrity
of the Microtubule Structure that Couples
the Centrosome and Nucleus
Nuclear translocation is a critical step during neuronal
migration, and the microtubule network has been specu-
lated to play an essential role in this process, but it
remains poorly understood how microtubules mechani-
cally relay the force generated at the leading edge to
the nucleus (Lambert de Rouvroit and Goffinet, 2001).
One current model suggests that, in order for a neuron
to move, microtubules projecting from the centrosome
anchor their plus ends to the cell cortex and pull the
nucleus-centrosome complex toward the leading pole
(Aumais et al., 2001; Lambert de Rouvroit and Goffinet,
2001; Smith et al., 2000; Vallee et al., 2001). More re-
cently, another microtubule structure has been identi-
fied that connects the centrosome and nucleus. This
microtubule structure is called “microtubule cage” in
granule neurons and “microtubule fork” in cortical neu-
rons (Rivas and Hatten, 1995; Xie et al., 2003). To test
whether the Ndel1, LIS1, and dynein pathway regulates
nuclear translocation by impacting the microtubule dy-
namics, we examined the morphology of the microtu-
bule network at high resolution following the RNAi treat-
ment. In the majority of the neurons electroporated with
control RNAi, confocal Z series nontransparent recon-
structions revealed a distinct structure made of microtu-
bule bundles that enwrapped the nucleus and coupled
the nucleus to the centrosome (arrows in Figures 4E
and 4F). This microtubule structure appears to be the
equivalent structure as the microtubule fork, which has
been observed in cortical neurons and speculated to
regulate neuronal migration (Xie et al., 2003). Intrigu-
ingly, in neurons electroporated with Ndel1, LIS1, or
DHC RNAi, there was a higher frequency of complete
absence of these microtubule bundles (Figures 4E andFigure 2. Ndel1 Is Required for Dynein Activity
4F). Upon gross inspection, there is no apparent loss or(A) The experimental paradigm of the microtubule transport assay.
collapse of microtubule bundles in cell soma or neuronal(Aa) Nucleation of the fresh microtubules from the centrosome after
nocodazole was washed off. (Ab) Segments of microtubules are processes (Supplemental Figure S2 [http://www.neuron.
transported to the cell periphery. (B) In control RNAi and EGFP org/cgi/content/full/44/2/263/DC1/]). Since Ndel1 also
cotransfected cells, microtubules (red) were transported from the regulates the assembly of neurofilaments, another key
perinuclear region to the cell periphery. In cells treated with DHC, cytoskeletal component (Nguyen et al., 2004), it is possi-
LIS1, and Ndel1 RNAi, DHC, LIS1, and Ndel1 expression are signifi-
ble that loss of function of the Ndel1, LIS1, and dyneincantly silenced (cy5, blue). Microtubules accumulated in the perinu-
pathway affects the general cytoskeletal network, whichclear region (red). The green circle demarcates the perinuclear re-
gion. The green dotted line traces the cell membrane, and the area might indirectly affect microtubule integrity in the lead-
between the green line and green circle is defined as the peripheral ing process. To test this possibility, we examined the
region. The fluorescence background within the nucleus was sub- effect of RNAi treatments on the maturation of the lead-
tracted from all measurements. (C) Quantification of the distribution ing process in neurons after prolonged culturing. After
of the microtubules in the perinuclear versus the cell peripheral
4 days in culture, we found that the neurons electropo-region. DHC, LIS1, and Ndel1 RNAi caused a significant increase
rated with Ndel1, LIS1, or DHC RNAi extended grosslyof this ratio (Student’s t test, p  0.0001). Error bars indicate SEM.
Scale bar in (B), 10 m in all panels. normal neurites, and one of them matured into a pre-
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Figure 3. Ndel1 Facilitates the Interaction of
LIS1 and Dynein
(A) Immunoprecipitation from lyses of N2A
cells treated with control or Ndel1 RNAi. Less
LIS1 and Ndel1 are coimmunoprecipitated by
anti-DIC antibody in Ndel1 RNAi treated cells.
(B) Quantification of coimmunoprecipitation
experiments. Ndel1 RNAi significantly si-
lenced Ndel1 expression (Student’s t test, p
0.01). LIS1 and Ndel1 associated with DIC
were significantly reduced (Student’s t test,
p  0.05). (C) Glycerol gradient from control
or Ndel1 RNAi treated cells. In the cells
treated with Ndel1 RNAi, the presence of LIS1
in the same fractions with DIC (the boxed
region) is significantly reduced, although the
overall distributions of DIC or LIS1 are not
changed. (D) Quantification of the glycerol
gradient experiments. Followed by Ndel1
RNAi silencing, the amount of LIS1 level that
coexists with DIC was significantly reduced
(Student’s t test, p  0.05). Error bars indi-
cate SEM.
dominant axon, which was robustly labeled with the Ndel1 Interacts with LIS1 and Dynein to Regulate
Cortical Neuronal Positioning In Vivo-tubulin antibody (Supplemental Figure S2). These re-
To investigate whether Ndel1 is required for the migra-sults suggest that Ndel1, LIS1, and dynein loss of func-
tion and positioning of cortical neurons in vivo, we intro-tion seem to primarily disrupt the microtubule structure
duced Ndel1 RNAi into the mouse embryonic cerebralabutting the nucleus that maintains the attachment of
wall by in utero electroporation (Figure 5A). Comparedthe centrosome and nucleus. In many cell types, the
to conventional gene-targeting methods, this techniquenucleus is closely coupled to the centrosome, and this
only affects a small population of neurons within thecoupling is dependent on a dynein-mediated, minus
normal cortical milieu (on average, 716 neurons per ani-end-directed movement of the nucleus along microtu-
mal were electroporated; n  68), and it allows a morebules (Go¨nczy et al., 1999; Malone et al., 2003; Reinsch
flexible and acute gene manipulation that spares theand Go¨nczy, 1998; Reinsch and Karsenti, 1997; Rob-
early lethality. Control or Ndel1 RNAi and EGFP con-inson et al., 1999). The observation that the dynein com-
structs were coelectroporated into the cortex on mouseplex is present on the nuclear membrane further sug-
embryonic (E) day 15, and embryos were collected ongests that it plays a role in capturing the microtubules
E17. The E15–17 window was chosen because, duringand coupling the centrosome and the nucleus (Busson
this period, a massive number of cortical neurons un-et al., 1998; Go¨nczy et al., 1999; Malone et al., 2003;
dergo migration from the ventricular zone/subventricu-Reinsch and Karsenti, 1997; Salina et al., 2002). We
lar zone (VZ/SVZ) toward the CP. Ndel1 RNAi transfectedreasoned that if the microtubule bundles coupling the
neurons (EGFP positive) at the junction of the SVZ andcentrosome and nucleus were disrupted or functionally
IZ displayed diminished Ndel1 expression, indicatingweakened by loss of function of Ndel1, LIS1, or dynein,
that the RNAi construct efficiently silenced Ndel1 ex-the distance between these two organelles might be
pression in vivo (Figure 5B). In control RNAi electropo-widened. To test this hypothesis, we triple electropo-
rated brains (n 8), 55%  5% of the neurons migratedrated cortical neurons with RNAi, EGFP, and red fluores-
into the IZ compared to only 33%  4% in Ndel1 RNAi
cent protein (RFP)-CentrinII (a centrosome marker, Ta-
electroporated brains (n  8, Student’s t test, p  0.01).
naka et al., 2004) prior to inspection of the distance
This was coupled with an increased percentage of neu-
between centrosome and nucleus (Figures 4G and 4H). rons that remained in the VZ/SVZ of RNAi electroporated
In control RNAi electroporated neurons, the RFP-Cen- brains (63%  4% versus 41%  8% in control, Stu-
trinII signal was closely adjacent to the nucleus, with an dent’s t test, p  0.01; Figures 5C and 5D). To test
average distance of 1.7  0.11 m (mean  SE). In whether the observed mislocalization of neurons results
neurons electroporated with Ndel1, LIS1, or DHC RNAi, from a possible effect of Ndel1 RNAi on neuronal prolif-
the centrosome was conspicuously further away from eration, cortical neurons were pulse labeled with BrdU
the nucleus, with an average distance of 3.26  0.44 24 hr after Ndel1 RNAi (n 4) or control RNAi electropo-
m, 3.8  0.11 m, and 3.7  0.44 m, respectively. ration (n  3). The BrdU labeling index in the VZ/SVZ
Taken together, these results indicate that the Ndel1, was not significantly different between control and
LIS1, and DHC pathway is important for the function of Ndel1 RNAi treated brains, although there was a slight
the microtubule bundles that couple the centrosome decrease in brains electroporated with Ndel1 RNAi
and nucleus. It is possible that disruption of this microtu- (39%  5% versus 32%  8%; Figure 4E, Student’s t
bule structure causes an uncoupling of the centrosome test, p  0.507). Therefore, the neuronal positioning de-
and nucleus, which ultimately leads to abnormal nuclear fect appears to be largely due to a deficit in cell motility
instead of proliferation. In addition, we did not detecttranslocation and reduced migration distance.
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Figure 4. Ndel1, LIS1, and DHC RNAi Impair
Nuclear Movement and Disrupt Microtubule
Bundles Coupling the Nucleus to Centrosome
in Cortical Neuron Cultures
(A) Two examples of cortical neurons co-
transfected with EGFP and control RNAi.
These cells display a typical nuclear translo-
cation with the nuclei (indicated by the
arrows) moving consistently toward one
prominent process. (B) Two examples of cor-
tical neurons cotransfected with EGFP and
Ndel1 RNAi. These cells display abnormal nu-
clear movements. The nuclei moved back and
forth without a determined direction (oscilla-
tion) and repeatedly shrunk and expanded
without obvious translocation. Frequently the
nuclei simultaneously display both abnormal-
ities. (C) Ndel1, LIS1, and DHC RNAi signifi-
cantly decrease the distance of the nuclear
movement. (D) Ndel1, LIS1, and DHC RNAi sig-
nificantly increase the percentage of neurons
displaying nuclear oscillation and contraction.
(E and F) Transfection of Ndel1, LIS1, or DHC
RNAi in cortical neurons disrupts microtubule
bundles that couple nucleus to centrosome
(white arrows indicate microtubule bundles
that enwrap the nucleus). (G and H) Transfec-
tion of Ndel1, LIS1, and DHC RNAi cause the
uncoupling of centrosome and nucleus
(arrows indicate the centrosome labeled with
RFP-CentrinII). Error bars indicate SEM. *p 
0.05, **p  0.01. Scale bar in (A): 10 m in all
panels. Scale bar in (B): 4 m in panels with
high magnification and 10 m in panels with
low magnification. Scale bar in (E) and (G):
5 m for all panels.
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Figure 5. Silencing of Ndel1 In Utero by RNAi Electroporation Causes Neuronal Migration Defect
(A) Schematic of in utero RNAi electroporation. (B) Embryos were coelectroporated with Ndel1 RNAi and EGFP on E15 and perfused on E17.
Coronal brain sections were immunostained with Ndel1 antibody. Ndel1 expression levels are reduced in the cortical neurons at the junction
of the SVZ and the IZ (arrow). High-magnification panel shows that Ndel1 expression is silenced in two electroporated neurons (arrows). (C)
Coronal section of E17 brain coelectroporated with EGFP and control or Ndel1 RNAi vectors on E15. Coelectroporated neurons are shown
in green. Sections are counterstained with DAPI (blue). (D) Quantification of the neuronal positioning in control and Ndel1 RNAi electroporated
brains. All electroporated neurons (EGFP positive) across the whole cerebral cortex were counted. Bar graph shows percentage of the total
electroporated neurons distributed in SVZ/VZ, IZ, and CP. Error bars indicate SD. ** indicates differs from control at p 0.01. (E) Electroporated
neurons in the SVZ/VZ were colabeled with BrdU 24 hr after RNAi electroporation (red). There is no difference in the percentage of BrdU-
positive neurons between control and Ndel1 RNAi treated brains (Student’s t test, p  0.507). The inset shows two colabeled neurons. Scale
bar in (B): 200 m in the three low-magnification panels in (B) and (C); 20 m in the high-magnification panel in (B); and 40 m in (E).
any obvious morphological alteration indicative of cell in the caudal region. Therefore, these two regions were
shown separately (Figures 6A and 6B). On P4, 55% death in the electroporated neurons (for examples see
inserts in Figure 5E). Electroporated neurons appear 10% of the neurons that were electroporated with con-
trol RNAi arrived at the CP, 8%  3% were located inhealthy and extended short neuronal processes (Figure
5B and insets in 5E). the IZ, and 37%  8% remained in the VZ/SVZ (n  5;
Figures 6A and 6C). Ndel1 RNAi caused considerableNext we examined the role of the Ndel1, LIS1, and
dynein pathway at E17–P4, when the proliferation of detention of neurons in the VZ/SVZ (n  4; 70%  6%;
Student’s t test, p  0.01) and reduced the percentageneuronal precursors diminishes while prominent neu-
ronal migration continues (Caviness et al., 2003). Em- of neurons in the CP (25%  6%; Student’s t test, p 
0.05; Figures 6A and 6C). By P8, Ndel1 RNAi electropo-bryos were electroporated on E17 and collected on
postnatal day (P) 0, P4, or P8. Similar to E15–17, Ndel1 rated neurons still remained mislocalized (data not
shown; Supplemental Table S1). Coexpression of mu-RNAi caused a significant reduction of neurons from
entering the IZ during E17–P0 (Supplemental Figure S2 tant Ndel1 cDNA with Ndel1 RNAi reversed the neuronal
positioning defects to an extent comparable to the con-[http://www.neuron.org/cgi/content/full/44/2/263/
DC1/]). By P4, the cortex has expanded tremendously. trol RNAi electroporated brain, whereas the wild-type
Ndel1 cDNA did not significantly rescue the mislocaliza-Neurons in the rostral region have to migrate a relatively
longer distance into the cortical plate compared to those tion of cortical neurons (Figures 6A and 6C). Again, these
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experiments demonstrated that silencing Ndel1 expres- caused by Ndel1, LIS1, or DHC RNAi, our experimental
results do not support the idea that impaired leadingsion by RNAi has a very specific effect on the positioning
of neurons during cortical development. Consistent with process is the main reason for the observed disruption
of neuronal positioning. In addition, we inspected thethe role of LIS1 on cortical layering, silencing Lis1 in
migrating neurons resulted in a severe neuronal posi- morphology of the radial scaffold. Ndel1, LIS1, and DHC
were found only sparsely expressed in the radial glia,tioning defect with the majority of neurons arrested in
the VZ/SVZ (Figures 6B and 6C; n  3; 75%  3%, and loss of function of Ndel1, LIS1, or DHC does not
appear to affect the morphology of radial glia processesStudent’s t test, p 0.01) and a small fraction of neurons
present in the CP (4% 0.1%). Silencing the expression (Supplemental Figures S5 and S6).
In Aspergillus, homologs of Ndel1, LIS1, and dyneinof DHC also exerted a severe consequence on the posi-
tioning of neurons, with 89%  3% neurons detained constitute a linear genetic pathway regulating the distri-
bution of nuclei during hyphal growth (Efimov, 2003;in the VZ/SVZ (n  5; Figures 6B and 6C; Student’s t
test, p 0.001), and only a negligible number of neurons Willins et al., 1995, 1997; Xiang et al., 1994, 1995). It is
possible that Ndel1, LIS1, and dynein also operate in aarrived at the IZ (8% 2%) or CP (4% 1%). This result
is consistent with the in vitro neuronal motility data and common pathway to regulate neuronal migration. To
gain insight into the functional interactions betweenfurther supports the notion that cytoplasmic dynein is
indispensable for proper neuronal positioning in vivo. Ndel1, LIS1, and dynein during neuronal migration, we
examined whether overexpression of wild-type LIS1 isTo exclude the possibility that the arrest of neuronal
migration is due to a nonspecific toxic effect of Ndel1, able to alleviate mislocalization of neurons caused by
Ndel1 or DHC RNAi. While the neuronal positioning de-LIS1, or DHC RNAi, electroporated neurons in the SVZ/
VZ were randomly selected and inspected at high power fect caused by DHC RNAi was not altered by LIS1 over-
expression (n  3; Figures 6B and 6C), the defect in-for their nuclear morphology. We found that the percent-
age of neurons displaying condensed nuclei increased duced by Ndel1 RNAi is partially alleviated, as a
significantly higher percentage of neurons arrived at theslightly following Ndel1, LIS1, and DHC RNAi treatment
(4%, 7%, and 13%, respectively) compared to control IZ (27%  3%, Student’s t test, p  0.01) and fewer
neurons were arrested in the VZ/SVZ (56%  7%, Stu-(1%; n 100 in all groups). In contrast to the percentage
of neurons detained in the SVZ/VZ, these numbers are dent’s t test, p  0.05; Figures 6B and 6C; n  3).
However, overexpression of Ndel1 did not significantlyless significant, suggesting that the neuronal positioning
defects induced by RNAi treatment are mainly the result affect the neuronal positioning abnormality caused by
LIS1 RNAi (n  3; Figure 6C and Supplemental Tableof impairment of cell mobility rather than cell death.
We also inspected the morphology of the leading pro- S1 [http://www.neuron.org/cgi/content/full/44/2/263/
DC1/]). Altogether, these data demonstrate that, similarcess of the migrating neurons to decipher whether loss
of function of Ndel1, LIS1, or DHC may affect the integrity to their homologs in Aspergillus, which operate in a
common pathway to regulate nuclear distribution, mam-of the leading process, which is important for neuronal
migration. Although, compared to control RNAi-treated malian Ndel1, LIS1, and dynein also operate in a pathway
to regulate nuclear translocation and neuronal position-neurons, a smaller percentage of neurons electropo-
rated with Ndel1 or LIS1 RNAi migrated into the cortex, ing during cortical development.
the leading process were directed toward the pial sur-
face and appeared largely normal (Supplemental Figure Loss of Function of Ndel1, LIS1, and Dynein
Pathway Uncouples the CentrosomeS4 [http://www.neuron.org/cgi/content/full/44/2/263/
DC1/]). We also examined the morphology of neurons and Nucleus In Vivo
To examine whether the coupling of the centrosomein the SVZ prior to their entrance into the IZ and CP. As
recently reported, these neurons undergo four distinguish- and nucleus is disrupted in vivo after Ndel1, LIS1, or
DHC is silenced by RNAi, we coelectroporated E15 em-able phases: they first migrate to the upper SVZ, then stall
there for up to 24 hr before moving retrogradely back to bryos with EGFP, RFP-centrinII, and control Ndel1, LIS1,
or DHC RNAi. Brains were collected on E17.5 for confo-the ventricle surface, and finally, they reverse the direction
once again and exit the SVZ to enter the IZ (Noctor et al., cal microscopy analysis (Figure 7). Similar to cultured
cortical neurons, RFP-centrinII specifically labeled the2004). Even in the SVZ, these neurons display dynamic
short leading processes pioneering the direction of mi- centrosome in neurons of the cerebral wall in vivo. Most
neurons displayed one or a pair of closely juxtaposedgration (Noctor et al., 2004). Inspection of neurons in
the SVZ/VZ treated with Ndel1, LIS1, or DHC RNAi re- centrioles, positioned on the side of the nucleus toward
the leading process (Figure 7; arrows indicate the cen-vealed no obvious loss of the neuronal process (Supple-
mental Figure S4). Although we cannot rule out the pos- trosome, the dotted lines demarcate the nuclear bound-
ary labeled with DAPI). Confocal Z series was performedsibility that subtle changes in leading process may be
Figure 6. Ndel1 Operates with LIS1 and Dynein in a Common Pathway during Cortical Neuronal Migration
(A and B) Coronal sections of P4 brains that were coelectroporated on E17 with the indicated constructs in conjunction with EGFP. The rostral
regions of the brain are illustrated in two separate panels. The top panels show the frontal cortex, and the middle panels show the SVZ/VZ.
All cortical layers in the caudal cortex are illustrated in the bottom panels. Brain sections are counterstained with DAPI (blue). The asterisk
indicates the midline of the forebrain. CC, corpus callosum. (C) Quantification of the in utero RNAi electroporation experiments. Neurons
distributed in SVZ, IZ, and CP were counted through the whole brain. Error bars indicate SD. *p  0.05, **p  0.01. Scale bar in (B): 200 m
in all panels.
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Figure 7. Loss of function of Ndel1, LIS1, and
DHC Uncouples the Centrosome and Nu-
cleus In Vivo
E15 embryos were electroporated with
EGFP/RFP-CentrinII/control, Ndel1, LIS1, or
DHC RNAi. Embryos were collected and per-
fused on E17.5 for confocal analysis. RFP-
CentrinII labeled the centrosome in cortical
neurons, and the nuclei were stained with
DAPI. Neurons that migrate from the SVZ to
the IZ display a stereotypical migratory mor-
phology with a leading process (arrows indi-
cate such neurons in [A]–[D], and the high-
power images of these neurons are also
shown). In neurons electroporated with con-
trol RNAi, the centrosome is positioned
closely to the nucleus on the side of the lead-
ing process (arrowhead in [Aa1] indicates the
centrosome, and the white lines demarcate
the nuclear boundary). In neurons electropo-
rated with Ndel1, LIS1, or DHC RNAi (B–D),
this distance is significantly increased. Scale
bar in (Dd1): 10 m in (Aa1)–(Dd1); 60 m in
(A)–(D). (E) The quantification of the effect of
loss of function of Ndel1, LIS1, and DHC on
the coupling of the centrosome and nucleus
in cortical neurons. Error bars indicate SEM.
*p  0.05.
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on the neurons that were on their way from the SVZ to
the IZ, because these neurons displayed a stereotypical
morphology of the migrating neurons. The nontranspar-
ent reconstruction of confocal images clearly demon-
strates the position of the centrosome and nucleus.
Compared to control, loss of function of Ndel1, LIS1, or
DHC significantly widened the distance between the
centrosome and nucleus (0.62  0.28 m in neurons
treated with control RNAi; 2.79  0.77 m, 2.58  0.94
m, and 2.80  0.65 m in neurons treated with Ndel1,
LIS1, or DHC RNAi, respectively). In some RNAi-treated
neurons, the centrosome was found dislocated from the
nucleus into the leading edge (arrows in Figure 7; see
Supplemental Figure S7 [http://www.neuron.org/cgi/
content/full/44/2/263/DC1/] for more examples in each ex-
perimental group). These dislocated centrosomes were
not found in the control group. This observation further
supports the hypothesis that disruption of the centro-
some-nucleus coupling contributes to the impairment
of neuronal migration observed in vivo.
Discussion
Figure 8. A Model of How Ndel1 Operates with LIS1 and Dynein to
Regulate Neuronal Migration
LIS1 is the gene responsible for human type I lis-
(A) In the physiological condition, Ndel1 facilitates the interaction
sencephaly, which features severe neuronal migration of LIS1 and dynein and the formation of the Ndel1/LIS1/dynein com-
defects (Reiner et al., 1993). However, it is unclear how plex. This complex is important for the integrity of the microtubule
LIS1 regulates microtubule dynamics and neuronal mo- bundles that couple nucleus and centrosome, which mediates
proper nuclear translocation that is essential for neuronal migration.tility. Identified as a binding partner of LIS1, Ndel1 is
When Ndel1 is silenced (B), the Ndel1/LIS1/dynein complex disas-highly expressed in postmitotic migrating neurons dur-
sembles (silencing LIS1 or DHC presumably causes the disassem-ing cortical development (Niethammer et al., 2000; Sa-
bling of this complex as well). The microtubule bundles coupling
saki et al., 2000). The conservation of a genetic pathway nucleus and centrosome are disrupted, which causes abnormal nu-
that mediates nuclear distribution (Nud) in Aspergillus, clear translocation and leads to the deficit of neuronal migration
which consists of NudE, NudF, and NudA, the homologs and positioning in vivo. The microtubule structure in the leading
process is not significantly disrupted, possibly due to other plusof Ndel1, LIS1, and DHC, further renders Ndel1 the pri-
end binding proteins such as Clip family, EB1, and APC.mary candidate to unravel the function of LIS1 (Efimov,
2003; Willins et al., 1995, 1997; Xiang et al., 1994, 1995).
In this study we show that Ndel1, LIS1, and dynein form
an interactive module that is required for nuclear micro- 2001). Disruption of any of these steps can compromise
cell motility. In addition to their speculated roles to coor-tubule organization, nuclear translocation, and neuronal
migration during brain development. dinate the dynamics of the microtubule plus ends on
the cell cortex in the leading process (Aumais et al.,While LIS1 is known to be required for dynein function
(Coquelle et al., 2002; Smith et al., 2000; Vallee et al., 2001; Dujardin et al., 2003; Dujardin and Vallee, 2002;
Vallee et al., 2001), our data show that the Ndel1/LIS1/2001; Zhang et al., 2003), we show that Ndel1 is also
indispensable for dynein activity. Our biochemical data dynein pathway is essential for the nuclear microtubule
structure that connects the centrosome and nucleus,further indicate that at least part of the positive regula-
tory role of Ndel1 on dynein activity is to facilitate the which is required for proper nuclear movement. These
microtubule bundles are likely to constitute an equiva-interaction of LIS1 and dynein. The fact that both Ndel1
and LIS1 dock at the ATPase domain of DHC suggests lent structure to the microtubule “cage” or “fork-like”
structures abutting the nucleus, which have previouslythe potential formation of a functional protein complex
with intricate regulatory interactions (Sasaki et al., 2000; been suggested to be involved in neuronal migration
(Rivas and Hatten, 1995; Xie et al., 2003). We proposeTai et al., 2002). It should be noted that in the coimmuno-
precipitation experiment, there is residual LIS1 associ- that Ndel1 and LIS1 activate the dynein complex, which
sustains the microtubule bundles that couple the nu-ated with DIC when Ndel1 is depleted (Figure 3A), indi-
cating that LIS1 may associate with dynein independent cleus and the centrosome and, furthermore, moves
along these microtubules toward the centrosome, pull-of Ndel1. Other proteins besides Ndel1 may also facili-
tate the interaction of LIS1 and dynein. For instance, ing the nucleus (see our model in Figure 8). In Ndel1,
LIS1, or DHC loss-of-function neurons, the microtubuleCLIP170, a microtubule plus end protein, has been re-
ported to recruit dynein to form a complex with LIS1 bundles disassemble, and the dynein complex can no
longer pull the nucleus toward the centrosome, which(Coquelle et al., 2002).
Directional neuronal migration is achieved through a in turn results in the uncoupling of the nucleus and the
centrosome and, furthermore, the abnormal nuclearcoordination of events involving leading process exten-
sion, nuclear movement (nucleokinesis), and trailing pro- translocation and neuronal migration (Figure 8). This
model is in contrast to the idea of a fixed “centrosome-cess retraction (Lambert de Rouvroit and Goffinet,
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nucleus” complex being pulled by the microtubules an- LIS1, and dynein in neuronal motility; however, it should
be noted that in many cell lines Ndel1, LIS1, and dyneinchored on the cell cortex (Aumais et al., 2001; Smith et
al., 2000; Vallee et al., 2001). In our model, the centro- has also been shown to regulate M phase division during
cell cycle (Faulkner et al., 2000; Gambello et al., 2003;some is likely to function as a “hub” to converge and
relay the force exerted by the microtubule bundles from O’Connell and Wang, 2000; Tai et al., 2002; Wynshaw-
Boris and Gambello, 2001; Yan et al., 2003). Neurogen-the cell cortex to those which couple the centrosome to
the nucleus through Ndel1, LIS1, and dynein. Recently, esis in the early embryonic stage determines the fate
of the daughter cells, which impacts on the followingit has been shown in cerebellar granule neurons that
doublecortin (DCX), which is responsible for X-linked developmental proceedings, including neuronal migra-
tion (Haydar et al., 2003; Rakic, 1995). Although a definitelissencephaly in male and subcortical heterotopia in fe-
male, also interacts with LIS1 and dynein and aids in role of the Ndel1/LIS1/dyenin pathway in neuronal pre-
cursor division has yet to be established, it is likely thatthe coupling of centrosome and nucleus (Tanaka et al.,
2004). Interestingly, overexpression of DCX rescued the the regulation of neuronal division also indirectly affects
neuronal positioning. However, our data demonstratecompromised neuronal motility caused by the loss of
function of LIS1 and dynein in an aggregation assay of that the loss of function of Ndel1, LIS1, and dynein di-
rectly impacts on neuronal motility and disrupts neu-granule neurons, suggesting that DCX is functionally
parallel to LIS1 and dynein. In contrast, we show here ronal positioning.
A recent study employed a similar in utero RNAi elec-that Ndel1 functions in an intricate hierarchical pathway
with LIS1 and dynein by facilitating the interaction be- troporation technique to silence Doublecortin in devel-
oping neocortex and showed an arrest of neuronal mi-tween LIS1 and dynein. It is plausible that the Ndel1,
LIS1, and dynein pathway interacts with DCX and to- gration that was otherwise not present in the knockout
mice (Bai et al., 2003). In our study, we determine thegether regulates the nuclear microtubule dynamic.
The microtubule structure that couples the centro- specificity of RNAi both in vitro and in vivo by using a
Ndel1 cDNA with silent mutations within the targetingsome and nucleus appears to be more susceptible to
the loss of function of Ndel1, LIS1, and dynein because sequence. This endeavor provides further compelling
evidence that RNAi is an effective and specific approachthe microtubules in the leading process does not appear
to be affected. This seems puzzling, since Ndel1, LIS1, to silence gene expression in vivo. Furthermore, it is the
first time that RNAi is employed to study the functionsand dynein are also present in the leading edge, and
dynein has been shown to capture microtubules at the of multiple interacting components in the developing
mammalian brain. In addition to revealing that propercell cortex in yeast, suggesting a potential role for this
pathway to anchor microtubules in the leading process cortical neuronal positioning requires Ndel1, LIS1, and
DHC individually, we show that, by combining RNAi si-(Aumais et al., 2001; Bloom, 2001; Dujardin et al., 2003;
Dujardin and Vallee, 2002; Vallee et al., 2001). One possi- lencing with gene overexpression, these proteins, like
their homologs in Aspergillus, operate in a commonble reason is that other microtubule plus end proteins,
such as the CLIPs, APC, and EB1, may provide addi- pathway, possibly in a hierarchical fashion, to regulate
this intricate process.tional protection against detachment of microtubules
from the leading edge (see our model in Figure 8). Among Although the components of the Ndel1, LIS1, and dynein
pathway are largely conserved throughout evolution, theirthese proteins, yeast orthologs of CLIP-170, BiK10 and
tip1p, have been suggested to function as anticatas- functions seem to have evolved to become more compli-
cated and diverse. In Aspergillus, NudE, NudF, and NudAtrophe factors to ensure the attachment of microtubules
to the tip of the growing cells (Berlin et al., 1990; Brunner (homologs of Ndel1, LIS1, and DHC, respectively) operate
in a linear genetic pathway to regulate microtubule dynam-and Nurse, 2000). EB1 has also been shown to be a
general stabilizer of microtubules at the plus end (Tir- ics and nuclear distribution during hyphal growth (Efimov
and Morris, 2000; Willins et al., 1995, 1997; Xiang et al.,nauer and Bierer, 2000). Furthermore, a recent study
shows that the stabilizing effect of EB1 is augmented 1994, 1995). Unlike Aspergillus, where NudE was identified
as a multiple-copy suppressor ofNudF (Efimov and Mor-when dynein function is disrupted (Ligon et al., 2003).
It is not clear how dynein captures the microtubules ris, 2000), in mammalian brains, overexpression of Ndel1
fails to rescue the neuronal positioning phenotype inducedradiating from the centrosome and anchors them to the
nuclear membrane. A recent study in C. elegans shows by LIS1 RNAi, suggesting that Ndel1 functions upstream
of LIS1. Additionally, although overexpression of NudFthat the Hook family protein ZYG-12 anchors to the nu-
clear membrane and interacts with the dynein subunit completely rescues the nuclear distribution phenotype
in NudE mutant and one conditional NudA mutant (Efi-DLI-1, which in turn plays a role in the microtubule-
based mechanism that couples the centrosome to the mov, 2003), overexpression of LIS1 only partially allevi-
ated the Ndel1 RNAi effect and failed to rescue the DHCnucleus (Malone et al., 2003). Whether the mammalian
homologs of ZYG-12 coordinate with the Ndel1, LIS1, RNAi effect, suggesting that other proteins must also
be involved. The evolved complexity of the Ndel1, LIS1,and dynein pathway to attach the microtubules to the
nuclear membrane awaits future investigation. Although and dynein pathway in mammals is evident in that Ndel1,
LIS1, and dynein seem to only constitute the frameworkthe morphology of the leading process appears normal,
loss of function of Ndel1 may still impact on the fine of a pathway and many other proteins are likely involved
through protein-protein interactions. For instance, DISC1,integrity of the cytoskeletal network. We recently re-
ported that Ndel1 RNAi caused neurofilament abnormal- a putative schizophrenia gene product, interacts with Ndel1
and dynein components such as dynactin (Ozeki et al.,ities (Nguyen et al., 2004), which may also contribute to
the migration behavior of neurons. 2003). Ndel1 is also a substrate of CDK5, and CDK5
phosphorylated-Ndel1 binds 14-3-3, which in turn pro-Our study mainly focused on the function of Ndel1,
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Western blot. Protein bands were scanned into the software Lab-tects Ndel1 from being degraded (Niethammer et al.,
Scan, and the band density was measured and analyzed.2000; Ohshima et al., 1996; Sasaki et al., 2000; Toyo-oka
et al., 2003). These interactions may serve as important
Time-Lapse Imaging
factors in fine tuning the function of the Ndel1/LIS1/ E15 mouse cortical neurons were dissociated and instantly electro-
dynein pathway. porated with control, Ndel1, LIS1, or DHC RNAi constructs using
Nucleofector, following the manufacturer’s protocol (Amaxa Biosys-
tems). After being cultured in Neurobasal medium with N2 supple-Experimental Procedures
ment (GIBCO) for 48 hr, transfected cells were time-lapse imaged
for up to 60 min following the protocol as previously described (XieGeneration and Characterization of RNAi Vectors
et al., 2003).Complementary hairpin sequences were synthesized and cloned
into pSilencer 2.0 under U6 promoter (Ambion). Sequences that
Detection of Microtubule Network and Centrosomework efficiently are base pair (bp) 276–294 (GCAGGTCTCAGTGTTA
E15 mouse cortical neurons were electroporated with control, Ndel1,GAA) for Ndel1, bp9753–9771 (GAAGGTCATGAGCCAAGAA) for DHC,
LIS1, or DHC RNAi constructs as described above and culturedand bp1062–1080 (GAGTTGTGCTGATGACAAG) for LIS1. A random
for 48 hr. Neurons were fixed in 4% paraformaldehyde at roomsequence without homology to any known mRNA was used to gen-
temperature for 10–20 min followed by cold methanol treatment forerate the control RNAi. Ndel1 cDNA construct with silent mutation
5 min. Microtubules were immunostained with Tuj1 antibody (1:1000,was made through two rounds of PCRs and subcloning into PCDNA
Sigma) and Cy3-conjugated goat anti-mouse antibody (1:500, Jack-plasmid. All RNAi constructs were tested in cell lines and primary
son ImmunoResearch Laboratories). To detect the centrosome, cor-neuronal cultures by Western blot (WB) and/or immunocytochemical
tical neurons were coelectroporated with RFP-Centrin II, EGFP, andstaining (ICC). Cell lines were transfected with lipofectamine 2000
control Ndel1, LIS1, or DHC RNAi constructs. All neurons were im-(Invitrogen). Neurons were electroporated with Nucleofector (Amaxa
aged using a Zeiss 510 confocal microscope. Z series images withBiosystems). After 2 days in culture (Ndel1 and LIS1 RNAi) or 3 days
1–2 m interval were taken and reconstructed into one nontranspar-in culture (DHC RNAi), cells were lysed in RIPA plus SDS (0.5%)/
ent image.Urea (8 M) buffer for WB or fixed in 4% paraformaldehyde for 10–20
min at room temperature and	20
C methanol for 5 min for immuno-
In Utero Electroporationcytochemistry (ICC). Antibodies used are Ndel1 (polyclonal, 1:1000
EGFP vector (3 g/l) is coinjected with RNAi vector (6 g/l) at afor WB, 1:50 for ICC), LIS1 (polyclonal, 1:1000 for WB, 1:50 for ICC),
concentration ratio of 1:6. For triple-electroporation experiments,DIC (monoclonal, Santa Cruz, 1:1000 for WB, 1:50 for ICC), DHC
wild-type Ndel1, mutant Ndel1, and wild-type LIS1 DNA were pre-(polyclonal, Santa Cruz, 1:1000 for WB, 1:100 for ICC), P50 (mono-
pared at a concentration of 10 g/ul. A mixture of EGFP, RNAi, andclonal, Signal Transduction Lab, 1:1000 for WB), P150 (monoclonal,
the third DNA constructs was prepared at a ratio of 1:3:3 in TESignal Transduction Lab, 1:1000 for WB), -tubulin (monoclonal,
buffer. For triple electroporation of EGFP, RFP-Centrin II, and RNAi,Babco, 1:5000 for WB, 1:1000 for ICC), and anti-actin (polyclonal,
they were used at a ration of 1:1:3. Embryos were exposed in theSigma, 1:2000 for WB).
uterus, and 1 l DNA solution was injected into the lateral ventricle
through the uterus wall, followed by the electroporation. The electric
Microtubule Transport Assay pulses were generated by ElectroSquireportator T820 (BTX) and
COS-7 cells were cotransfected with various RNAi and EGFP con- applied to the cerebral wall at five repeats of 35 V for 50 ms with
struct at a ratio of 20:1 with lipofectamine 2000 (Invitrogene). Forty- an interval of 950 ms. An anionic electrode was placed on the lateral
eight hours later, nocodazole (Sigma) was added to the medium at cortex to ensure that DNA incorporated into the VZ/SVZ. In some
a concentration of 5g/ml to depolymerize all existing microtubules. experiments, BrdU was injected at 50 g/g body weight intraperito-
Three hours later, cells were washed with DMEM culture medium neally twice every 30 min 24 hr after RNAi electroporation. Embryos
and recovered for 3 min. Vinblastine (Sigma) was then added to the were perfused with 4% paraformaldehyde at appropriate ages.
medium at a concentration of 50 nM for 20 min. Cells were fixed in Brains were sectioned on a vibrotome, and sections were immuno-
4% paraformaldehyde and immunostained with cy3--tubulin stained with Alexa-488-conjugated anti-EGFP (polyclonal, Molecu-
(Sigma, 1:200) and DAPI. Cells treated with Ndel1, LIS1, and DHC lar Probe, 1:1000), anti-BrdU (monoclonal, Sigma, 1:1000), or anti-
RNAi were also stained with Ndel1, LIS1, and DHC antibody and Ndel1 (1:50) following the immunocytochemical staining procedures
Cy5 goat-anti-rabbit secondary antibody (1:500; Jackson Immuno- as previously described.
Research Laboratories) to show efficient silencing effect. To quantify
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Cells were then lysed in H buffer (150 mM NaCl, 1% TTX-100, 1 mM
EDTA, 20 mM HEPES [ph 7.4], 1 mM DTT, and proteinase inhibitor
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